Purpose-To enable dynamic speech imaging with high spatiotemporal resolution and fullvocal-tract spatial coverage, leveraging recent advances in sparse sampling.
INTRODUCTION
Dynamic MRI has recently been recognized as a powerful tool for speech imaging, especially for monitoring dynamic changes in the oropharyngeal and nasopharyngeal regions and capturing articulatory gestures during the speech process. It also has the potential to reveal the soft-tissue structures (e.g., pharyngeal cavity and internal musculature) and articulatory dynamics across arbitrarily-oriented imaging planes. This capability has facilitated a broad spectrum of speech-related studies, such as examining the articulatory movement during speech production (1) (2) (3) , the process of singing in diverse forms (4, 5) , and the function of swallowing under normal and pathological conditions (6, 7) . It is also useful for the analysis of a variety of physiological defects and disorders, such as cleft palate (8) , velopharyngeal dysfunction (9) , motor dysfunction (10) and sleep apnea (11) . The work presented in this paper is to further enhance the capability of dynamic speech MRI with high temporal resolution, high spatial resolution and broad spatial coverage.
Ideally, an effective dynamic speech imaging method should have the following three properties: First, it should provide high temporal resolution to capture fast-varying speech dynamics. A common goal of many speech imaging applications is to accurately capture the speech process, in which the shapes and position of articulators experience rapid transitions over time. For instance, it has been shown that a frame rate of 30 to 50 fps was necessary to observe dynamic velar retraction and coarticulation effects during speech (12) (13) (14) . Second, an imaging method should offer high spatial resolution to delineate fine features of the articulators, in particular fine scale articulation in the tongue tip and velopharyngeal port. For example, previous work has used an in-plane spatial resolution of 1.9 mm in order to effectively observe and model the tongue tip motion (15) . Third, an imaging method should allow for increased coverage through multiple imaging planes to explore soft-tissue structures in the region of interest in the vocal tract. Some speech motions involve the interaction and coordination of articulators from different spatial locations, which require multiple imaging planes to visualize. Particularly, more than two imaging planes have been used to study English fricative sounds and Arabic pharyngeal sounds (16, 17) .
Although trade-offs exist to satisfy each of the above-mentioned properties by compromising others, in general it remains challenging to simultaneously achieve adequate performance in all three properties in dynamic MRI. Significant efforts have been made in recent years to improve dynamic speech imaging methods. Combining a multishot spiral FLASH sequence with a field-inhomogeneity-corrected reconstruction method, Sutton et al. (18) resolved high-resolution spatial details of the velopharyngeal mechanism at 21.4 fps. Kim et al. (16) employed interleaved multislice data acquisitions with gridding reconstructions to visualize fricative production across three intersecting imaging planes at a frame rate of 6.1 fps. Scott et al. (19) applied an adaptive averaging technique to improve the signal-to-noise ratio (SNR) for the visualization of velar activities on a mid-sagittal plane at 14.9 fps. Using radial trajectories, Li et al. (20) incorporated aggregated motion estimation into a nonlinear reconstruction method to visualize tongue movement at 30.3 fps for a single imaging plane. Despite these advances, higher spatiotemporal resolution and broader spatial coverage are needed for dynamic speech imaging applications.
Dynamic speech MRI, as a specific application of dynamic MRI, could benefit from many emerging techniques developed for faster MRI. Recent advances in fast pulse sequences (18, 21) and parallel imaging (22, 23) have proven to be effective in reducing acquisition time. In addition, model-based image reconstruction methods have also provided many opportunities to achieve sub-Nyquist sampling for dynamic MR experiments. These modelbased methods are generally based on low-dimensional signal models. One category of methods uses the limited spatial-spectral support to relax the associated data acquisition requirements (24) (25) (26) (27) . Recently, compressed sensing (CS) based techniques have successfully used sparsity constraints to achieve high quality reconstructions despite sparse (k, t)-space sampling (28) (29) (30) (31) (32) (33) (34) (35) . Alternatively, sparse sampling methods based on the partial separability (PS) model (36) (37) (38) and its induced low-rank constraint (39) (40) (41) have also demonstrated effectiveness in various spatiotemporal imaging applications (42) (43) (44) . Although the sampling methods were tailored based on the specific applications, the lowrank constraint has been combined with other constraints to yield improved reconstruction quality. The complementary advantages of low-rank and sparsity constraints have been previously discussed in (39, 40) .
Expanding upon our early studies (45, 46) , we propose a model-based imaging method for dynamic speech imaging. The method effectively integrates parallel imaging, spiralnavigator-based data acquisition and constrained image reconstruction. The method has been systematically evaluated through a number of dynamic speech imaging experiments, demonstrating its great potential in simultaneously achieving high spatial resolution, high temporal resolution and full-vocal-tract coverage. Also, its practical utility is demonstrated through a phonetic investigation of nasalization.
THEORY Partial Separability (PS) Model
In a dynamic speech imaging experiment, the acquired (k, t)-space data, d(k, t), can be expressed as: (1) where I(r, t) is the desired image series and η(k, t) represents the measurement noise. The PS model expresses I(r,t) as (36): where L is the model order, denotes a set of spatial basis functions, and denotes a set of temporal basis functions. The PS model is based on the assumption that strong spatiotemporal correlation exists in I(r, t). In speech imaging experiments particularly, this assumption is often valid because a) spatial images corresponding to articulations of similar sounds are highly correlated, b) image voxels within certain bulk articulators (e.g. the tongue or velum) share similar temporal dynamics, and c) only a few driving muscles are involved in the production of a specific syllable. The PS model implies that a data matrix Î (referred to as a Casorati matrix in (36)) defined over any point set ,
has a rank upper bounded by L (36, 37) , where N denotes the number of spatial encoding steps and M denotes the number of image frames. An equivalent data matrix Ĉ can also be defined in the (k, t)-space. Based on the low-rank property of Î (40), we can express it as: Î = UV, where U ∈ ℂ N×L denotes a matrix with its columns spanning the spatial subspace of Î, and V ∈ ℂ L×M denotes a matrix with its rows spanning the temporal subspace of Î.
Data Acquisition
We use the strategy proposed in (36, 47) to sparsely sample two sets of (k, t)-space data in an interleaved manner: a navigator data set and an imaging data set. For these two data sets, the navigator data is used to estimate V, while the imaging data is used to estimate U. Although each data set serves a different purpose, both data sets contribute to reproducing Ĉ.
Due to the different function of these two data sets (36) , separate considerations were imposed in terms of acquisition trajectory and sampling requirements. For the navigator data set, we propose a new spiral-trajectory-based technique to navigate the (k, t)-space with high temporal resolution. Figure 1 illustrates this strategy with a simplified pulse sequence diagram and a corresponding (k, t)-space sampling pattern. Unlike the previous techniques that navigate with Cartesian readouts (40) (41) (42) , the proposed spiral navigator serves as a better trade-off between speed, SNR and the ability to capture temporal dynamics because a) the spiral trajectory provides high gradient efficiency compared with other trajectories, b) the spiral trajectory receives high SNR due to its natural oversampling at the center of kspace, and c) the spiral trajectory has the potential to cover broader k-space within certain time constraints or slew rate limits (48, 49) . For the imaging data set, we use a Cartesian trajectory to acquire imaging data with high spatial resolution. The use of Cartesian imaging data not only simplifies the image reconstruction problem, but also maintains low sensitivity to magnetic susceptibility, which can be a challenge at a number of air-to-tissue interfaces in the oropharyngeal region.
Image Reconstruction
Given the acquired navigation data, the principal component analysis (PCA) or singular value decomposition (SVD) is performed to estimate the temporal subspace, i.e., matrix V (36, 47) . Specifically, V is constructed from the L most significant right singular vectors of Ĉ (36) . With V estimated, we can determine U from the imaging data by solving a leastsquares problem. By separating the estimation of V and U in two steps, the proposed method yields a convex and significantly simplified reconstruction problem (compared with methods that simultaneously determine U and V).
Also, it should be noted that direct determination of Û from least-squares fitting is usually ill-conditioned, especially when a higher L is used but limited samples are available (40) . In this work, we employ a spatial-spectral sparsity constraint to regularize the ill-conditioned reconstruction problem. The sparsity constraint has been found effective in existing lowrank constrained reconstruction problems (40) (41) (42) . For dynamic speech MRI, in particular, this constraint is appropriate because the (x, f)-domain is approximately sparse, given that subjects are using similar velopharyngeal motion for different speech samples during experiments. The combination of low-rank and sparsity constraint not only yields better conditioning, but also represents a broader range of non-periodic articulatory motion than using a sparsity constraint alone. It is worth noting that incorporating other sparsity constraints can be also mathematically straightforward (44, 50) .
By jointly imposing the low-rank constraint and spatial-spectral sparsity constraint, the image reconstruction problem with sensitivity-encoded (k, t)-space data can be formulated as (4) where Q denotes the number of receiver coils, Ω denotes a sparse sampling operator corresponding to the acquisition of the imaging data (and putting the data in vector form), F s denotes a spatial Fourier transform matrix, S q denotes the sensitivity map of the qth coil, d q denotes the sparsely acquired imaging data samples from the qth receiver coil, λ denotes the regularization parameter, V f is obtained by applying the temporal Fourier transform to each row of V and vec(.) denotes an operator that forms a vector by concatenating the columns of a matrix. A numerical algorithm based on half-quadratic regularization with continuation is applied to solve Eq. 4 (40) .
METHODS

Validation Experiments
Several validation experiments were performed to demonstrate the effectiveness of the proposed method. The experiments were performed on a Siemens Trio scanner (Siemens Medical Solutions, Erlangen, Germany) with a field strength of 3 T, a gradient strength of 40 mTm −1 and a maximum slew rate of 176 Tm −1 s −1 . A 12-channel head receiver coil and a 4-channel neck receiver coil were jointly used to image the subject. A FLASH sequence was developed to interleave a spiral navigation acquisition and a Cartesian imaging acquisition with a repetition time (TR) of 9.78 ms. The navigation and imaging data acquisition had an echo time (TE) of 0.85 ms and 2.3 ms, respectively. Other parameters were: acquisition matrix size = 128 × 128, FOV = 280 mm × 280 mm, spatial resolution = 2.2 mm × 2.2 mm and a slice thickness of 6.5 mm.
The experiment protocol enabled three choices of acquisition setups: a) acquisition of a single mid-sagittal imaging slice at a nominal frame rate of 102.2 fps, b) four slices at 25.5 fps or c) eight slices at 12.8 fps. When acquiring data that targets a model order of around 80, as was done in this work, the acquisition time for the single slice, four-slice and eightslice experiments were 1 min 42 s, 6 min 49 s and 13 min 38 s, respectively.
The experiment protocol allowed flexible orientations for the imaging planes of interest. For single-slice acquisitions, an imaging plane was placed on the mid-line of the tongue to capture articulatory motion in the upper airway. For multi-slice acquisition, the imaging planes can be contiguously positioned or arbitrarily oriented. Specifically, eight contiguous planes centering at the mid-line of the tongue formed an imaging volume that covered the entire upper vocal tract. Reconstructions from this imaging volume can be resliced to synthesize oblique-coronal views of the vocal tract.
Accurate estimation of the receiver coil sensitivity profiles is important for high-quality image reconstruction. Prior to the acquisition of the dynamic imaging data, a pilot scan was performed to pre-determine the sensitivity profiles. The estimated sensitivity profiles were assumed to be time-invariant for the subsequent image reconstruction.
Five volunteers participated in the validation experiments. These subjects had an age range of 23 to 45 and three subjects were female. Among these five subjects, three were requested to produce /loo/-/lee/-/la/-/za/-/na/-/za/ recurrently at their own speaking paces; Another subject was asked to produce /za/-/na/-/za/ at controlled paces: fast (around 2 samples per second), medium (around 1 sample second) and slow paces (around 0.5 sample per second); The last subject was asked to read a passage from a publicly accessible data base of English dialects (51) . The passage contains standard reading text that is devoid of explicit repetitions of words or phrases. This passage was chosen to demonstrate that the proposed method does not rely on repetitions in speech samples.
During acquisition, the voice of each subject was simultaneously recorded at a sampling rate of 22 kHz through a fiber-optic microphone with active noise cancellation (Dual Channel FOMRI, Optoacoustics, Or Yehuda, Israel). The head motion of each subject was minimized by fixing the positions of the patient's head in the receiver coil with foam pads. Informed consents were obtained for all subjects and the experiment was carried out in accordance with regulations of the Institutional Review Board at the University of Illinois at UrbanaChampaign.
Application to Nasalization Studies
The proposed method was also applied to analyze the level of nasalization during the production of a speech sample. Particular emphasis in these experiments was placed on velopharyngeal activity. With regard to velopharyngeal activity, nasalization refers to the coupling between the nasal and oral cavities due to velar movement (52) . The level of velopharyngeal coupling is influenced by the fast interaction between the velum and the velopharyngeal aperture. Previous work has indicated the potential of dynamic MRI to examine the spatiotemporal variation in the aperture and provide imagery basis for phonetic assessments of nasalization level (53, 54) . However, analysis of velopharyngeal activity at the current frame rate has not been possible.
French was chosen as the carrier language for the studies on nasalization. Unlike the English language, French contains nasal vowel sounds, oral vowel sounds and nasalization effects during speech. Therefore, it is an especially interesting language to study in relation to the coupling between the nasal and oral cavities to produce nasalized speech sounds, such as the alveolar nasal consonant (55) (56) (57) . This experiment focused on a dialect of French, the northern metropolitan French, due to its prevalence. The carrier phrase was chosen as " Il retape X parfois ", where X denotes articulation of three nasal vowels: /α̃ /, /ε/ or /ɔ/. A healthy female subject was recruited for the experiment, during which she was requested to produce the phrase recurrently. No other requirement was imposed on the subject's speaking paces. This experiment was conducted in accordance with an approved protocol through the Institutional Review Board.
Other aspects of the experiment protocol were also optimized to better capture the dynamics of nasalization. First, the slice orientations of the four slices acquired were designed to cover multiple spatial locations to study velopharyngeal activities and their interaction with the rest of the vocal tract during the production of nasal vowels. Particularly, these four imaging planes were placed from anterior to posterior regions of the vocal tract, including a coronal imaging plane across the mid-section of the tongue, an oblique mid-sagittal imaging plane across the levator veli palatini muscle and two axial imaging planes across the mediopharynx and lower pharynx. These four imaging planes were acquired in a temporally interleaved fashion with the multi-slice experiment protocol described in detail above. Second, the slice orientations were carefully selected to better visualize activities of the velum and the relationship of the timing of its movement relative to the tongue tip / tongue blade, along with changes in the pharynx. Third, the production of the speech samples were recorded with a fiber-optic microphone. The audio recording and corresponding imaging data were synchronized and jointly studied in the ensuing linguistic analysis to reveal articulatory / acoustic relations. Figure 2 shows reconstructions from a single-slice experiment, in which the subject was asked to produce /loo/-/lee/-/la/-/za/-/na/-/za/ sounds recurrently. Gestures of the tongue at multiple time points are illustrated and directions of tongue motion are indicated with arrows. Specifically, Figure 2a , b and c show tongue gestures at the onset of the /l/ sound in / lee/, /loo/ and /la/ syllables, respectively. Although the same /l/ sound is produced and the tongue tip is elevated in a similar fashion, the tongue body bends toward different regions of the vocal tract. By contrast, the tongue retracts to a resting position during the production of /a/ in the /za/ syllable in Figure 2d . The proposed method captured the above motions in find spatial details. Figure 3 shows reconstructions from a multi-slice experiment, in which an identical speech sample was produced as above. The oblique coronal reconstructions are resliced from 8 parallel mid-sagittal slices to enable 3D visualization of articulatory motion in arbitrary through-plane directions. Figure 3a captures tongue tip retraction from the alveolar ridge towards the lower jaw during the transition from /l/ to /ee/ in the /lee/ syllable. Figure 3b exhibits the formation of velopharyngeal opening as the velum moves towards the root of the tongue. The anterior velum surface is first curved to prepare for /n/ in the /na/ syllable, and later becomes straightened to produce /a/ in the /na/ syllable. Results in Figure 3 demonstrate the feasibility to capture 3D articulatory motion with full-vocal-tract coverage. Figure 4 shows spatial images and temporal profiles from a single-slice experiment, in which the subject was asked to produce /za/-/na/-/za/ sounds at fast, medium and slow speaking paces. Three single-pixel-wide strips from the same reconstruction are plotted versus time in Figure 4a , b and c: two head-foot strips across the lips and mid-tongue, respectively, and an anterior-posterior strip across the velum. Contacts between bulk articulators (e.g., the lips, the tongue and the velum) with the associated boundaries are captured with fine spatial and temporal details. Although temporal periodicity was purposefully disrupted in the experiment, the proposed method remained robust to nonperiodic articulatory motion. Figure 5 shows reconstructions from a single-slice experiment, in which a subject was requested to read the passage that is devoid of explicit repetitions. Representative spatial images and temporal profiles along various directions are provided in Figure 5a , b, c and d, respectively. Furthermore, a reconstruction video is also included in the supplementary material of the paper. As can be seen, the proposed method well captured the spatiotemporal dynamics of each distinct syllable in the passage. Note that although the reading passage contains no repetition of words or phrases, the proposed method still provided high-quality reconstructions. Figure 6 shows mid-sagittal images from the nasalization study on northern metropolitan French. The proposed method provided high spatial resolution to capture the interaction between the velum and the pharyngeal wall. Diverse gestures of the velum were observed and three are given as examples. Figure 6b shows the gesture of the velum as it retracts from the pharyngeal wall to prepare for the production of the nasal sound /α/. Upon completion of the /α/ sound, as illustrated with Figure 6c , the velum holds a relaxed position with a larger air passage. As a comparison, Figure 6d shows the closure of the velopharyngeal port at the production of the plosive sound /t/. The results in Figure 6 validate the effectiveness of the proposed method in capturing nasalization in in vivo experiments with high spatial resolution. Figure 7 shows oblique coronal and axial images from a multi-slice in vivo experiment. The proposed method allowed vocal tract opening to be captured along four imaging planes.
RESULTS
Validation Experiments
Application to Nasalization Studies
Specifically, the vocal tract opening sizes are compared for three nasal vowels, the /α/, /ε/ and /ɔ/ sounds. In the superior portion of the vocal tract, as illustrated with Figure 7a and b, the /α/ sound has the largest opening size while the /ɔ/ sound has the smallest. Opposite observation, as illustrated in Figure 7c , is seen in the middle portion of the vocal tract, where /α/ sound has the smallest opening size and /ɔ/ sound has the largest. Nearly identical opening sizes are observed in the inferior portion of the vocal tract, as illustrated in Figure  7d . The results in Figure 7 demonstrate that the proposed method can provide sufficient spatial coverage to capture variation of vocal tract opening sizes at different spatial locations. Figure 8 shows an integrated analysis enabled by synchronizing the reconstructions with acoustic recordings to fully visualize the relationship between movement of the velum, nasalization and the spectrogram of the recorded speech sample (17, 58, 59) . For ease of visualization of velar movement, we use the average pixel intensity (API) time series that is extracted from the high-spatiotemporal-resolution reconstruction. As illustrated in Figure 8a , an API series is calculated from a region of interest (ROI) where velopharyngeal closure takes place in order to summarize the motion with one measure, while keeping the ROI fixed in place. The API measures are temporally aligned with the audio and spectral signal for comparison. Since temporal variation in API is caused by the velum motion into or out of the ROI, variation of API captures subtle spatial motion in high temporal resolution. As illustrated in Figure 8b , an increase in API is observed during the production of /t/ and /p/ sounds, where velic positions are expected to be high, i.e., the velopharyngeal port is expected to be closed. The onsets and endings of these phonetic events are confirmed as changes in spectral patterns in Figure 8d . Production of the /α/ sound is associated with a decrease in API in Figure 8b and manifests as a spectral pattern characteristic of vowels in Figure 8d . The results in Figure 8 demonstrate that the proposed method can accurately capture the fast articulatory transitions associated with speech motion and offers highresolution spatial image series as added information to conventional phonetic analysis.
DISCUSSION
The proposed method provides broad spatial coverage to capture speech movements across multiple imaging planes. Sufficient spatial coverage is critical for phonetic studies that investigate the relations between multiple regions in the vocal tract. For example, traditional phonetic analysis has taken for granted that the superior region of the vocal tract undergoes a greater level of motion compared with the inferior region. However, imaging evidence has been lacking. In this work, this hypothesis is verified by applying the proposed method to examine movements at different levels of the vocal tract and the results are summarized in Figure 6 . As can be seen, the opening sizes of these cavities vary significantly in the superior vocal tract but remain nearly identical in the inferior portion. The results confirm the above hypothesis and may suggest a pivot-like structure of muscle motion: the superior vocal tract may be more deformable while the inferior vocal tract may be more stable.
Further investigation of the physiological basis and the clinical implications of this observation is necessary.
The proposed method offers high temporal resolution for some phonetic studies on nasalization. These studies usually involve controversy over the opening of the velopharyngeal port (61) , asking questions such as: what sounds can tolerate velopharyngeal opening? To address this, a spectrogram of the acoustic signal and the API time series are jointly used. Note that this analysis is valid only when the temporal frame rate of the image series is comparable to the time scale of changes in spectral properties. An example of this analysis is provided in Figure 8 , where the changes in spectral patterns match well with that in the API series. In particular, a slightly increased API value is observed for /t/ and /p/ sounds, with corresponding spectral pattern changes. Phonetically, this may reflect that the body of the velum is pulled towards the pharyngeal wall enabling air pressure to build up. Upon the completion of the /t/ and /p/ sounds, a decreased API value is observed. This may suggest that air pressure is released upon completion of these sounds. Through this example, the proposed method demonstrates great potential to assist phonetic analysis that requires high temporal frame rate.
Although the proposed method has demonstrated a number of merits in retrieving practical phonetic information, several aspects of the method may interact with the quality of reconstruction. First of all, rigorous quantification of resolution is important for the proposed method, although we empirically use the nominal frame rate to describe the imaging speed in this work. The resolution for conventional linear and shift-invariant reconstruction methods can often be measured via the point spread function. However, the proposed method is a nonlinear reconstruction method, for which defining a meaningful point spread function can be nontrivial. This is because the inherent non-linearity often renders the impulse response function spatiotemporal-location-dependent and imagingobject-dependent. Although there exist some empirical ways (60) to quantify the resolution for nonlinear reconstructions, in-depth investigation is still needed in future research.
As demonstrated in Figure 5 , the proposed method works well for non-periodic speech imaging tasks, although the (x, f)-sparsity constraint is used in the problem formulation. This is mainly due to the complementary roles of the low-rank and sparsity constraints (40) : the low-rank model provides strong power to represent spatiotemporal dynamics (temporal periodicity is not required), while the (x, f)-sparsity constraint effectively regularizes the illconditioning issues associated with the highly undersampled temporal subspace.
The proposed acquisition strategy employs spiral-trajectory-based navigation. For singleslice experiments, this trajectory captures high-frame-rate dynamics efficiently. For multislice experiments, however, our current approach uses a separate navigator acquisition for each slice. This is beneficial for non-parallel slice prescriptions (as shown in Figure 7 ). For parallel slice prescriptions, however, this approach may reduce the available temporal information. In this case, a single, 3D navigator may be preferable. For example, we have investigated a cone-trajectory-based navigation technique (46) to improve imaging speed for parallel, contiguous multi-slice experiments. Systematic analysis of this technique is under investigation and will be presented in future work.
The proposed method requires selection of the model order L. In this work, L is chosen based on visual inspection of image quality (e.g., SNR, reconstruction artifacts and temporal blurring). However, it should be noted that the proposed method offers relatively robust performance over the selection of L due to the sparsity regularization (40) . To demonstrate this, we reconstructed an in vivo data set (identical with the one used in Figure 4 ) using a range of L and the results are shown in Figure 9 . As can be seen, reconstruction performance is robust for L ranging from 40 to 80, although a "too-low" (e.g., L = 20) or "too-high" (e.g., L = 120) model order can lead to sub-optimal performance. Despite the above observations, it is still important to explore quantitative metrics to enable automatic selection of L. For example, some information-theoretic metrics (62, 63) could be used, although they may lead to suboptimal reconstructions (64) . Also, a resolution-based metric could be an interesting alternative (60) , although in-depth investigation is still needed.
The proposed method also requires the experimenter to determine the regularization parameter λ. In this work, we assign different λ for different reconstructions based on the discrepancy principle (40) , which has consistently yields good empirical results in the speech imaging and other dynamic imaging applications (40, 41) . Alternative methods, such as SURE-based methods (65), could also be used for selecting regular-ization parameters, which may result in better performance.
The proposed method employs pilot scans to pre-determine the sensitivity maps. Similar to many dynamic imaging applications, we assume that the estimated sensitivity maps are time-invariant in reconstruction. However, it is possible to use the proposed method with time-varying sensitivity maps (66) , which may lead to improved performance. Systematic exploration of this extension will be carried out in future research.
The proposed method may pose a computational burden for some research experiments and clinical applications due to the large-scale optimization problem involved. For instance, computation time for reconstruction of a single mid-sagittal slice for 10404 time frames at 102 fps from a 16-channel receiver coil was around 34 min on a 24-core SUN workstation without code optimization. It is worth noting that a decoupled computational structure (40) may potentially improve the computational efficiency. In addition, iterative image reconstruction algorithms on graphical processing units (GPUs) have already been optimized for structural MRI image reconstruction and achieved an acceleration factor of up to 150 folds (67) . The proposed method may benefit from similar implementation leveraging the massively multi-core power of the GPUs, although considerations on computational efficiency and algorithmic optimization are beyond the scope of this work.
CONCLUSIONS
A new method has been proposed for dynamic speech imaging with high spatiotemporal resolution and broad spatial coverage. The proposed method is characterized by a) an acquisition strategy based on spiral navigators, and b) an image reconstruction method based on joint low-rank and sparsity constraints. The proposed method has been validated in speech imaging experiments, achieving a nominal imaging speed of 102 fps with a spatial resolution of 2.2 × 2.2 × 6.5 mm 3 for a single-slice imaging protocol, and a nominal imaging speed of 12.8 fps with the identical spatial resolution for an eight-slice protocol. The proposed method has demonstrated potential in assisting phonetic analysis on nasalization. A simplified pulse sequence diagram for the proposed PS model-based data acquisition strategy with illustration of (k, t)-space sampling patterns. The navigator data set is acquired using a spiral trajectory. The imaging data set is acquired using a Cartesian trajectory with random phase encoding. Mid-sagittal reconstructions and strip plots of the production of a reading passage that contains no repetitions of words or phrases: (a) representative articulatory motion at four different time instances; (b) temporal profile taken along a vertical strip across the tongue tip; (c) temporal profile taken along a vertical strip across the mid-tongue; (d) temporal profile taken along a horizontal strip across the velum. 
